The aim of this study was to investigate the wear of four nanofilled resin composites using simulated toothbrushing for 50,000 cycles with calcium carbonate slurry. The depth of abrasion and roughness (Ra) were measured after each 10,000 brushing cycle. The surface texture of the worn samples was examined by SEM.
INTRODUCTION
The term "nanotechnology" has evolved over the years via terminology drift to mean "anything smaller than microtechnology," such as nano powders, and other things that are nanoscale in size, but not referring to mechanisms that have been purposefully built from nanoscale components. This evolved version of the term is more properly labeled "nanoscale bulk technology," while the original meaning is more properly labeled "molecular nanotechnology."
Classical resin composite materials comprise hybrid types containing blends of microscopic (1-5 µm) and submicroscopic (0.4-0.8 µm) glass particles, and microfill materials, typically containing silica particles (0.04-0.05 µm) mostly added in prepolymerized fillers. Based on the definition "nanoscale bulk technology" new classes of resin composite restorative materials, so-called nanocomposites have been developed and marketed during recent years. Such materials are available as nanofill types, containing both discrete nanomer and nanocluster particles, and as nanohybrid compounds containing milled glass fillers and discrete nanoparticles (40-50 nm) [1] [2] [3] . The reduction in particle size with such new resin composites has apparently opened a new gateway in restorative dentistry. Nanocomposites are claimed to combine the good mechanical strength [4] [5] [6] of the hybrids and the superior polish of the microfills 7) . Other positive features are reportedly high wear resistance 8, 9) , improved optical characteristics 5) , and reduced polymerization shrinkage 4, 10) .
It is important to evaluate the performance of new
Received Apr 9, 2009 : Accepted Jul 17, 2009 restorative materials as a consequence of toothbrushing that may cause loss of material and increased surface roughness. For this purpose a number of wear testing machines simulating toothbrushing mostly with commercial toothpastes have been described and used for testing of the wear resistance of restorative materials [11] [12] [13] [14] [15] [16] [17] . Although the first nanocomposite resins were introduced into dental practice several years ago, there is not much information available on their resistance to toothbrushing wear 3, 18) . Therefore, the present study evaluated the effects of toothbrushing with calcium carbonate slurry on abrasive wear, surface roughness, and surface texture of one nanofill and three nanohybrid composites using a device for simulated toothbrushing, a 2-D profilometer, and scanning electron microscopy. Additionally, the Knoop Hardness (KHN) was determined of specimens prior to wear testing. The null hypothesis tested was that there would be no differences in wear, surface roughness and texture, and Knoop Hardness between the resin composites tested.
MATERIALS AND METHODS
The four resin composites used are shown in Table 1 together with their compositions. The applied filler concepts used in these products are different. According to the manufacturer nanofill Filtek Supreme XT (FIL) contains a combination of silica and zirconia nanofiller particles. Grandio (GRA) and Venus Diamond (VED) are nanohybrid composite types. GRA contains fluorosilicate glass, SiO2 microfiller, and spherical nanofiller. VED contains Ba-Al-F-Borosilicate glass and SiO2 nanofiller particles. In Tetric EvoCeram (TET) a mixture of glasses, 1 µm and 0.4 to 0.7 µm, and nanofiller in prepolymerized fillers is used.
Specimen preparation
Resin composite plates were produced in rectangular Teflon molds (12 × 3 × 3 mm) placed on Mylar strip covered glass slides. The molds were bulk filled with slight excess, covered with another Mylar strip and pressed flush with a top glass slide. Each specimen was light activated for 60 seconds with Translux Power Blue (LED Light, output: 650 mW/cm 2 , Heraeus Kulzer GmbH, Hanau, Germany) in a slow scanning mode along the long axis of the sample (15 cycles) with the light-emitting window in contact with the strip-covered topside of the specimens. The cured resin composite beams were pushed out of the molds and immediately immersed in deionized water for 24 hours before testing.
Toothbrush abrasion testing
From each of the 4 resin composites 20 specimens were produced and divided into two groups with equal numbers of specimens. After rinsing and air-drying the ten specimens of each composite material and each Table 1 Materials used group were mounted with the light-activated side up using double-faced adhesive tape on an acrylic resin plate (48 × 10 × 3 mm) next and in close contact to each other's 3 mm high and 12 mm long surfaces. Next to the ten resin composite specimens three acrylic resin samples of the same size were mounted at each side. In the first group the target surfaces of the mounted specimens were slightly ground on wet SiC paper, grit #600 for 60 seconds; in the second group the specimens were ground on SiC papers, grits #2400 and #4000 for 60 seconds each, to ensure that the target surfaces of all beams were exactly in the same plane.
For in vitro toothbrushing a custom made abrasion testing machine (Tokyo Giken Inc., Tokyo, Japan) was used. The device is equipped with five lines of reciprocating toothbrushes and each line has a specimen holder 50 mm in length. Prospec Slim (GC Corp., Tokyo, Japan) toothbrushes (23 mm in length, 8 mm in width, medium hardness, 9.5 mm in filament length) were used. The holders with the ten composite specimens were mounted under the toothbrush heads with the lateral 1 mm wide specimen surfaces covered by a metal shield to protect these areas as reference planes from abrasion during testing. The toothpaste simulating abrasive was slurry of 150 g calcium Ltd., Osaka, Japan) dispensed in 100 ml of water. According to the manufacturer the dried calcium carbonate powder has a purity of 99.5% (mass/mass), and the average particle size is 5.2 µm. The linear forth and back brushing action (60 Hz) on the specimens covering the entire length of 50 mm and immersed in the abrasive slurry was performed under 5 N load at ambient laboratory atmosphere for a total of 50,000 brushing cycles. The slurry was renewed for each test after each 10,000 cycles.
Measurement of depth of wear and determination of surface roughness
The surface roughness of each of the mounted specimens was determined with a profilometer (Surfcom 480A, Tokyo Seimitsu Co., LTD, Tokyo, Japan) equipped with a diamond pick-up (tip radius: 5 µm, load: 4 mN). For determination of the abrasion depth the tracing length was 11 mm from the center of the one to the center of the opposite reference plane. For surface roughness (4 mm tracing length in the center of each specimen) the stylus speed was 0.6 mm/ second, and the cut-off 0.8 mm. The average roughness Ra of each specimen was measured close to the centerline of the 3 mm wide beams. After each 10,000 brushing cycle the specimens were taken out of the slurry, rinsed under tap water, and gently air-dried for another surface roughness determination as described above. The depth of abrasion was determined graphically from the roughness registrations as the largest difference in µm between a line connecting the opposing reference planes and the deepest portion on the recorded profilometer trace.
Depth of wear and Ra values were analyzed by one-way ANOVA and Tukey's post-hoc test at the 5 percent level of significance. The wear data were additionally evaluated by linear regression analyses.
Knoop Hardness measurements
For each of the four resin composite materials 3 specimens were produced as above and polished on the top light activated surface with SiC paper, grit #4000 for 60 seconds. After 24 hours immersion in 37°C water Knoop hardness numbers (kgf/mm 2 ) were determined from indentations made under 0.5 N load for 30 seconds at five locations close to the center of each specimen's top side (Hardness Tester HM-102, Akashi Co.,Yokohama, Japan). Statistical evaluation by oneway ANOVA and Tukey's post-hoc test (p<0.05) was conducted.
Scanning electron microscopy
One random sample of each composite material and each pretreatment group after 50,000 brushing cycles was selected for SEM examination (Type VE-8800, Keyence Inc., Osaka, Japan). The samples were sputter-coated with Pt and photographs were taken of representative areas at 1,000× and 3,000× magnifications at 10 kV acceleration voltage. Figure 1 shows the relationships between abrasive wear for the four resin composites of samples pre ground with SiC paper #600, simulating an initially worn, and SiC paper #4000, simulating a perfectly polished restoration surface, respectively. The linear regressions were calculated on the base of the mean abrasion depths of 10 specimens each for the two different pretreatments, including the five measuring stages after 10,000 brushing consecutive cycles each. The circular signatures and whiskers are the mean depths of wear and the related standard deviations. All correlations were highly significant with coefficients of determination (R 2 ) between 0.984 and 0.995. These pair-wise comparisons indicate that the surface conditions of the composites prior to testing had no direct impact on abrasive tooth brushing wear. Figure 2 summarizes the wear depths of the composites tested by tooth brushing cycles. For each product wear increased linearly with the number of cycles. The bold and the stippled lines denote the linear regression line and the related 99 percent confidence intervals. The wear depths represent the pooled figures from the groups with different surface roughness at the start of the testing procedure, i.e. n = 20 after each tooth brushing cycle. The wear of the nanohybrid material TET was between 7 and 40 times higher than the wear of the other three composites. When analyzed by one-way ANOVA the wear of the four resin composites after 50,000 brush cycles was significantly different (p<0.001); Tukey's multiple comparison test proved differences between each of the composites (p<0.05) with the following ranking order: GRA < VED < FIL < TET. Figure 3 depicts the Knoop hardness numbers of the tested composites with the highest values for GRA followed by the nanofill FIL, the nanohybrid VED and the nanohybrid TET with the filler-loaded prepolymerized particles. All groups were significantly different (p<0.05). Figure 4 shows the mean roughness Ra for each composite material measured before tooth brushing and after each brushing cycle with 10,000 strokes. Open bars refer to specimens, ground on SiC #600, gray bars on #4000. ANOVA proved highly significant differences between the groups for each material. The same lower and upper case letters in each graph denote statistically homogeneous groups, i.e. groups that were not significantly different (p>0.05). TET exhibited the smallest Ra figures at all conditions tested. There was a slight but significant increase in Ra with increasing number of brushing cycles. The maximum roughness found for the nanofill FIL after 50,000 brushing cycles was less than 0.6 µm. In contrast, the glassfilled nanohybrid composites GRA and VED showed much higher roughness at each stage during abrasion testing. Although some groups of each material were found Fig. 1 Relationship between average depth of wear (± standard deviations) after each 10,000 brushing cycle for FIL, GRA, TET and VED with initial surface roughness produced on SiC paper #600 vs. SiC paper #4000. Linear regression line and coefficient of determination (R 2 ).
RESULTS
with significantly different Ra figures at different brushing cycles there was generally not much difference in roughness between the five testing stages of specimens with different initial surface texture. The textures of resin composite surfaces after 50,000 brushing cycles in calcium carbonate slurry are compared in Fig. 5 . The SEMs were taken from specimens that were preground on SiC paper #600. FIL shows densely packed, superficially abraded nanoclusters in the surrounding resin matrix. The surface is quite uniformly abraded. The surface of GRA that is characterized as nanohybrid material exhibits densely packed glass fillers with a wide grain size distribution. Most of the fillers with a flat ground surface are protruding from the surface while the matrix is selectively more abraded. In many locations the particle distance between neighboring glass fillers is less than 1 µm. TET is characterized by a very smooth and uniformly worn surface. There is no differential abrasion effect between the prepolymerized particles and the surrounding matrix. Small voids are seen throughout the entire surface. The appearance of the nanohybrid composite VEDs surface is very different from GRA. Large glass fillers, flat ground on the exposed surfaces, are clearly protruding from the surroundings. The distance between these larger particles is mostly wider than 10 µm. Figure 6 illustrates the calcium carbonate particles used as abrasive agent. A shows a powder sample as delivered, whereas B shows the dried powder after use in the "toothpaste" slurry for 10,000 brushing cycles. Most of the crystalline species are rhombohedral and smaller than approximately 5 µm. The precipitated calcium carbonate powder shows typical cleavage that has resulted in prismatic, scalenohedral and tabular crystal species. Cleavage of primary particles into minor ones occurs under pressure exerted on the crystals, probably also during tooth brushing with the slurry used. 
DISCUSSION
A number of toothbrushing simulators have been proposed in literature with differences in fundamental design principles 11, 14, 17) . However, so far no consensus has been reached on which design and parameter settings are most predictive for toothbrushing wear of resin composites.
In most of the published studies on toothbrushing abrasion of resin composites commercial toothpastes have been used. Our motivation to apply precipitated calcium carbonate as abrasive medium in aqueous slurry was to prevent other potential effects of commercial toothpaste formulations on the resin matrix of the resin composites used. Further, calcium carbonate is one of the frequently used abrasives in marketed toothpastes and a reasonably mild abrasive (Moh's hardness number 3). The abrasivity of calcium carbonate depends on the grain size, the smaller the particle the less abrasive it will be. In our test the abrasive particles had an average grain size of 5.2 µm.
Another issue is the type of toothbrushes to be used in simulators. We selected arbitrarily a medium hard type, frequently sold in Japan. Supposedly, the type of toothbrushes and bristle stiffness has scarcely any effect on resin composite wear. It has been documented that brushing of unfinished composite specimens with water had almost no effect on composite wear 19) . Concerning loading force of toothbrushes during action there is no standard either 17, [20] [21] [22] . In a clinical trial on 94 patients the average toothbrushing force registered was 350 g with a range from 140 through 720 g 23) . We decided in agreement with Cho et al. 24) and Senawongse and Pongprueksa 18) to use a 500 g brushing force as a means to presumably accelerate wear in our simulator.
The number of toothbrushing cycles is another matter of dispute. It is assumed that 10,000 toothbrush strokes simulate approximately one year of toothbrush wear 14, 25, 26) . In our study we applied 50,000 cycles in five consecutive runs with 10,000 cycles each, mainly because a resin composite like GRA showed very limited wear at fewer cycles. Variations of brushing speed have apparently no significant effect on wear 17, 20, 27) . There is not much information available on the influence of simulated toothbrushing on resin composites after polishing with different systems 15, 28) . To elucidate this parameter in our trial we abraded composites that were either finished on SiC paper #600 or polished on SiC #4000. The results of the present trial showed that there is virtually no difference in wear depth or in surface roughness of the individual composites when the differently finished/polished specimens are subjected to toothbrush abrasion.
Wear of toothbrush-abraded specimens has been determined in different ways. Teixeira et al. 29) measured the difference in specimen thickness from their initial thickness using a micrometer caliper. Determination of specimen weight loss after being subjected to toothbrush abrasion is another method used 14, 16) . This method has certain limitations when materials with high abrasion resistance and limited numbers of brushing strokes are investigated. Measurement of depth of wear with a computercontrolled three-dimensional measuring microscope and computing the volume loss from such data is proposed 30) . Due to the high resolution this method is apparently suitable to detect very small wear effects even when only few brushing strokes are used. In agreement with a previous study we decided to use a profilometric method to determine the depth of wear 12) . This method is advantageous as wear and roughness of the worn surface are determined consecutively with the same instrument.
In many published studies on resin composite wear, only surface roughness parameters or qualitative SEM examinations of the abraded composites are reported 2, 13, 15, 19) . Such an approach has however serious shortcomings, since assessment of surface texture as a single parameter disregards materials such as TET or GRA that showed low surface roughness and extremely high loss of substance or very little wear and quite high surface roughness in our study. In accordance with previous studies our trial confirmed that there was no positive correlation between wear and surface roughness 29, 31) . For understanding and interpretation of the present findings it was essential to determine both quantitative and qualitative wear data. The nanofill material FIL showed a moderate cumulative abrasion depth and rather uniform and smooth surface texture. The protruding nanocluster particles indicate that the wear mechanism follows the rule that wear starts with abrasion of the polymer matrix, followed subsequently by exposure of fillers, and finally removal of fillers. This process results in continuously increasing wear as demonstrated by the linear relationship between wear and number of brushing cycles. Dislodgment of nanoclusters from a nanofill composite has been reported previously 32) . Since the FIL clusters seen by SEM are all less than 2 µm the wear process is comparatively slow.
The nanohybrid composite TET showed a very smooth and uniformly abraded surface without any discontinuity between the prepolymerized fillers and the surrounding matrix. The high wear rate found indicates that the product is mechanically relatively weak, as also demonstrated by the comparatively low Knoop Hardness, and thus easily abraded under the present test conditions. In contrast to a previous investigation we could not find any loss of prepolymerized particles 18) . The data of the nanohybrid type composite materials GRA and VED look at first glance conflicting. Both products contain milled glass fillers next to the nanofiller loaded resin matrix. However, the wear, the surface roughness, and the Knoop hardness are very different. The filler loading of GRA is 71.4% (vol) and the glass particles are rather densely packed which is reflected by the Knoop hardness of around 80 kgf/mm 2 . This might be one of the reasons why the wear of this material is so small. The abrading calcium carbonate particles are probably too large, unless cleaved into very small parts, to enter into all inter particle matrix spaces for abrasion. Thus, the dense filler packing protects the matrix from fast abrasion and keeps the glass fillers longer retained in the matrix before being removed. The roughness of around 0.8 µm after toothbrushing should be carefully interpreted. The tip radius of the profilometer used is 5 µm, and thus unable to dip down into the narrow spaces between many of the protruding glass filler particles to register the true roughness. Laser scanning profilometers, operating with beam diameters of around 1 µm, optical sensors or AFM will be able to record considerably more details and show higher roughness figures. This is one of the reasons why surface roughness figures from different studies cannot readily be compared. GRA resembles a more typical hybrid type resin composite than a nanohybrid type. The average particle size of 1 µm is misleading and the manufacturer should consider disclosing more details of the grain size distribution. The other nanohybrid resin composite, VED, has lower filler loading and more sparsely scattered large glass fillers than GRA. The Knoop hardness is only about 50 percent of the figure found with GRA. The abrasion is larger because the filled matrix area between the larger glass particles can readily be worn by the calcium carbonate abrasive. As a consequence, the protruding large glass particles will more easily lose grip from the matrix polymer and debond. The surface roughness measured was almost double the Ra value recorded for abraded GRA. This can only to some extent be explained by the stylus measurement method that is able to record more details on VED than on GRA.
The null hypothesis of this study that there would be no difference in toothbrushing wear, surface roughness and texture, and Knoop hardness between the four resin composites tested must be rejected.
Within the limitations of this study it can be concluded that toothbrushing abrasion of the four nanofiller resin composites results in significantly different wear rates and surface morphology. Regarding the manufacturers classification of these composites as universal types raises doubts whether the nanohybrid material Tetric EvoCeram with the comparatively low toothpaste abrasion resistance can fulfill this claim. Venus Diamond shows a reasonably moderate wear; however, VED develops high surface roughness during this toothbrushing procedure. Grandio shows very high abrasion resistance and a moderately high surface roughness caused by the calcium carbonate abrasive. The nanofill product Filtek Supreme XT with moderate abrasion and increase in roughness has apparently a good potential as a universal clinically successful resin composite.
